We examined the effect of a constitutively active Raf protein (Raf-CAAX) on the differentiation and the coincident apoptosis of skeletal myoblasts. We found that a low level of Raf signaling leads to accelerated differentiation when compared to parental myoblasts, while a higher level of Raf signaling induces a transformed morphology and abrogates both differentiation and the coincident apoptosis. Raf signaling abrogates apoptosis without blocking the activation of caspase 3 and the subsequent cleavage of caspase 3 substrates. Eliminating the signal from Raf through MEK does not restore the ability to differentiate or to undergo apoptosis in the myoblasts with a high level of Raf signal, nor does it abrogate the accelerated differentiation observed in myoblasts with lower levels of Raf signal. Constitutive signaling through MEK is required, however, to maintain a transformed morphology. These results indicate that the effect of Raf on the differentiation and apoptosis of skeletal myoblasts is dictated by the level of Raf signaling, and that Raf signaling sufficient to abrogate the apoptosis coincident with differentiation does so downstream of caspase 3 signaling.
Introduction
The apoptosis of myoblasts is a physiological process during the regeneration of muscle (Miller and Stockdale, 1986 ) and myogenesis (Fidzianska and Goebel, 1991) and likely serves the critical function of removing excess myoblasts (Miller and Stockdale, 1986) . During the process of differentiation, apoptosis has been documented in cultures of primary myoblasts (Sandri et al., 1996; Chinni et al., 1999) , in established muscle cell lines (Wang and Walsh, 1996; Dee et al., 2002) and in an established muscle satellite cell line (Mampuru et al., 1996) . Thus, skeletal myoblasts provide an excellent model system to determine the signaling molecules that coordinately regulate the processes of differentiation and apoptosis. Expression of oncogenic Ras in 23A2 myoblasts not only induces a differentiation-defective phenotype, but also abrogates the apoptosis coincident with differentiation (Dee et al., 2002) . Ras signals through several pathways, including the Raf/MEK/ MAPK pathway. Raf is a cytosolic serine/threonine kinase that is activated by Ras binding and consequent plasma membrane localization (Leevers et al., 1994; Stokoe et al., 1994; Tamada et al., 1997) . Studies using constitutively active Ras mutants have demonstrated that Raf-dependent Ras signaling is sufficient to abrogate skeletal myoblast differentiation . Studies using constitutively active Raf mutants, however, have yielded contradictory data. Raf blocks differentiation when transiently co-transfected with MyoD into 10T1/2 fibroblasts. This inhibition is MEK-independent . Raf is also reported to block the differentiation of avian muscle cells. This inhibition, however, is MEK-dependent (Dorman and Johnson, 1999) . Conversely, in C2C12 myoblasts, constitutive signaling by either MEK1 or Raf1 induces differentiation through positive regulation of MyoD (Gredinger et al., 1998) . None of these studies examined the effect of Raf signaling on the apoptosis coincident with myoblast differentiation.
Studies using Raf mutants directly implicate Raf in the regulation of apoptosis in other systems. Expression of a dominant negative mutant of Raf in Chinese hamster ovary (CHO) cells abolished the anti-apoptotic signal from insulin, indicating that Raf signaling is necessary for insulin-induced survival. An antisense p44 MAPK construct used to block expression of MAPK did not abolish the insulin-induced survival signal, indicating that Raf does not require signaling through MAPK to inhibit apoptosis in these cells (Bertrand et al., 1998) . Fibroblasts expressing either an inducibly active Raf protein (ER-Raf) (Le Gall et al., 2000) or a constitutively active Raf protein (Raf : CAAX) (Kazama and Yonehara, 2000) have shown that Raf signaling is also sufficient to protect cells from apoptosis induced by either anchorage removal, growth factor withdrawal (Le Gall et al., 2000) or FasL (Kazama and Yonehara, 2000) . In fibroblasts, in contrast to CHO cells, Raf-mediated survival did require signaling through MEK and MAPK (Kazama and Yonehara, 2000; Le Gall et al., 2000) .
To further explore the effect of signaling by Raf on the differentiation of skeletal myoblasts and to examine the effect of Raf signaling on the coincident apoptosis, we expressed Raf-CAAX, a constitutively active form of Raf, in 23A2 skeletal myoblasts. We found that a low level of Raf signaling leads to accelerated differentiation. A higher level of Raf signaling, however, induces a transformed morphology and abrogates both differentiation and the coincident apoptosis. We have further determined that signaling by Raf through MEK is required for only the Rafinduced transformed morphology. Previously, we reported that caspase 3 is activated during the apoptosis that is coincident with 23A2 myoblast differentiation and this activation of caspase 3 is abrogated by constitutive Ras signaling (Dee et al., 2002) . Interestingly, Raf-induced abrogation of apoptosis in 23A2 skeletal myoblasts is downstream of caspase 3 activation and the subsequent cleavage of caspase 3 substrates.
Results

Biochemical characterization of Raf-CAAX expressing 23A2 myoblast cell lines
Fusion of the CAAX motif with the Raf protein (Raf : CAAX) results in constitutive membrane localization of Raf and, subsequently, constitutive signaling by Raf (Leevers et al., 1994; Stokoe et al., 1994) . 23A2 myoblasts were stably transfected with a plasmid coding for Raf : CAAX. Since Raf has been considered predominantly a cytosolic protein activated by association with active Ras : GTP and the plasma membrane (Leevers et al., 1994; Stokoe et al., 1994; Tamada et al., 1997) , we checked for proper subcellular localization of Raf-CAAX by comparing the level of Raf in the plasma membrane fraction from each stable Raf-CAAX myoblast cell line (A2 : Raf-CAAX) to the level of Raf protein in the membrane fraction of the parental 23A2 myoblasts. This approach suggested that 18 of 30 clones tested did express Raf : CAAX ( Figure 1a , data shown for clones that were further characterized). Reprobing of this blot with an antibody to cytosolic IkB demonstrated the presence of IkB in only the corresponding cytosolic fraction, making contamination of the membrane fraction with the cytosolic fraction unlikely (Figure 1a ). We next examined constitutive signaling in these 18 A2 : Raf-CAAX clones. Constitutive signaling from active Ras through Raf can be monitored by the signal transmitted through MEK to MAPK by measuring active MAPK after culture for 3 h in serum-free differentiation medium (DM) (Weyman et al., 1997) . We used this same approach to monitor constitutive Raf : CAAX signaling through MEK to MAPK. In non-transfected 23A2 myoblasts, active MAPK is found in lysates from cells cultured in serum containing growth medium (GM) (Weyman et al., 1997; Weyman and Wolfman, 1998 ) but this activity is not detectable when cells are switched to DM for at least 3 h ( Figure  1b) . In A2 : H-Ras expressing cells, however, active MAPK is constitutively observed in DM when compared to non-transfected 23A2 myoblasts ( Figure  1b) . Furthermore, 15 out of 18 of the Raf-CAAX clones tested possessed slightly elevated levels of active MAPK when compared to parental 23A2 myoblasts (data not shown) Of these, A2 : Raf-CAAX clones 3 and 7 were arbitrarily chosen for further analysis along with A2 : Raf-CAAX clone 10 which possessed MAPK activity comparable to that found in A2 : H-Ras myoblasts (Figure 1b) .
Effect of Raf signaling on 23A2 myoblast morphology 23A2 myoblasts expressing constitutively active Ras (A2 : H-Ras) are transformed as well as differentiationdefective (Konieczny et al., 1989; Weyman et al., 1997) . Constitutive signaling by Raf is sufficient to transform some but not all cell types (Daum et al., 1994; Marshall, 1995) . A2 : Raf-CAAX clone 10, which contains Raf signal comparable to that found in A2 : H-Ras myoblasts, also displays a refractile, Figure 1 Subcellular distribution of Raf and corresponding signal to MAPK. Myoblasts were plated at equal densities and the next day cultured in DM for 3 h prior to lysis. In (a), cytosolic and membrane fractions were prepared as described in Materials and methods. In (b), whole cell extracts were prepared as described in Materials and methods. Extracts were separated by SDS -PAGE (10%). Following electrophoretic transfer, a Western analysis was performed to detect Raf, IkB, phospho-MAPK and MAPK as described in Materials and methods. Results were quantitated using NIH image. Shown are results from one experiment, which are representative of three independent experiments transformed morphology similar to that of A2 : H-Ras myoblasts. Raf signaling in either A2 : Raf-CAAX clone 3 or clone 7 is not sufficient to induce a transformed morphology (Figure 2 ).
Effect of Raf signaling on 23A2 myoblast differentiation
Differentiation is often monitored by the expression of muscle specific genes like myosin heavy chain (MHC) and troponin I (Konieczny and Emerson, 1985; Konieczny et al., 1989; Ramocki et al., 1997; Weyman et al., 1997) . To assess the effect of Raf signaling on differentiation, myoblasts were induced to differentiate by culturing the cells in DM for various time points. Expression of MHC is detectable in lysates from parental 23A2 myoblasts after 12 h in DM. This expression increased with time in DM and is maximally detected by 24 h (Figure 3) . MHC was not detected in lysates from A2 : Raf-CAAX clone 10 at any time point, indicating a differentiation-defective phenotype ( Figure 3 ). MHC expression in A2 : Raf-CAAX clones 3 and 7 is near maximal after only 12 h in DM, suggesting that a low level of Raf signal accelerates the differentiation process (Figure 3 ). To ensure equal loading of protein in assessing MHC expression, blots were also probed with a polyclonal rabbit antibody to MAPK (Figure 3 ).
Effect of Raf signaling on 23A2 myoblast apoptosis
Signaling by Ras inhibits apoptosis coincident with the differentiation of 23A2 skeletal myoblasts (Dee et al., 2002) . To determine if Raf signaling is also sufficient to inhibit this apoptosis, we assessed cytosolic nucleosomes as an indicator of DNA fragmentation after 8 h in DM. This time point is optimal for analysis of DNA fragmentation since a majority of the cells destined to die have initiated the process of apoptosis but remain attached to the tissue culture dish (Dee et al., 2002) . The DNA fragmentation in 23A2 myoblasts cultured in DM is comparable to the DNA fragmentation in similarly cultured A2 : Raf-CAAX clones 3 and 7 (Figure 4a ). The DNA fragmentation in A2 : Raf-CAAX clone 10, however, is similar to that found in A2 : H-Ras myoblasts and less than one twelfth of that found in the 23A2 myoblasts (Figure 4a ). These results indicate that low levels of Raf signaling do not affect apoptosis in response to DM, while a higher level of Raf signaling, comparable to that found in A2 : H-Ras myoblasts, is sufficient to inhibit this apoptosis.
Culturing myoblasts in DM is the stimulus for both the induction of differentiation and apoptosis. Since A2 : Raf-CAAX clone 3 and clone 7 display accelerated differentiation, we examined the possibility that apoptosis may also be accelerated. We found that the time course for the appearance of fragmented DNA in both clone 3 and clone 7 was comparable to that found in the parental 23A2 myoblasts (Figure 4b ). We also determined that the A2 : Raf-CAAX clone 10 myoblasts do not contain fragmented DNA even after a longer period of exposure to DM (Figure 4b ).
Effect of MEK inhibition on Raf signaling
After determining the role of Raf signaling in the differentiation and apoptosis of 23A2 skeletal myoblasts, we examined the role of MEK, a downstream target of Raf. PD098059 is a selective MEK inhibitor and has been used to demonstrate that Ras signals through MEK to induce a transformed morphology, but not to abrogate differentiation (Weyman et al., 1997) or apoptosis coincident with differentiation (Dee et al., 2002) in A2 : H-Ras myoblasts. DM supplemented with 50 mM PD098059 reduces the constitutive signaling form MEK to MAPK in A2 : H-Ras and all A2 : Raf-CAAX clones to below detectable levels ( Figure 5 ). PD098059-induced abrogation of this constitutive signal is sufficient to reverse the transformed morphology of A2 : Raf-CAAX clone 10 ( Figure 6 ).
Culturing myoblasts in DM supplemented with PD098059 does not accelerate or inhibit natural differentiation of 23A2 myoblasts, indicating that signaling through MEK is not involved in this process (Figure 7a, Weyman et al., 1997) . This is expected since MEK signaling drops to below detectable levels when 23A2 myoblasts are cultured in DM (Figure 1, Weyman and Wolfman, 1998) . PD098059 does not affect the accelerated differentiation observed in A2 : Raf-CAAX clones 3 and 7 (Figure 7b ), and does not reverse the differentiationdefective phenotype of A2 : Raf-CAAX clone 10 ( Figure 7c ). Furthermore, while culture with PD098059 does increase the DNA fragmentation Figure 2 A2 : Raf-CAAX clone 10 myoblasts display a transformed morphology similar to the morphology of A2 : H-Ras myoblasts. Cells were plated at equal densities and cultured in GM for 24 h. Cultures were imaged by phase contrast microscopy using NIH image and apoptosis observed when A2 : H-Ras myoblasts (Dee et al., 2002; Figure 8) or A2 : Raf-CAAX clone 10 are cultured in DM for 8 h (Figure 8 ), this increased level of DNA fragmentation and apoptosis is still greatly diminished when compared to parental 23A2 myoblasts in either the presence or absence of PD098059 (Figure 8 ). The level of DNA fragmentation and apoptosis observed when A2 : H-ras myoblasts or A2 : Raf-CAAX clone 10 myoblasts are cultured in DM with or without PDO98059 for 24 h is comparable to that observed in these cells after 8 h, with or without PD098059, respectively (data not shown). These results indicate that the constitutive signal from Raf through MEK to MAPK is not responsible for the Raf-induced effects on differentiation and may only play a small role in the Rafinduced abrogation of apoptosis.
Transient expression of Raf : CAAX confirms results obtained using stable A2 : Raf : CAAX clones Due to the possibility that compensatory mutations could occur during the selection for stable cell lines expressing Raf : CAAX, we analysed the effect of Raf : CAAX on 23A2 myoblast differentiation and apoptosis through transient transfection experiments. To monitor signaling by Raf : CAAX through MEK and from MEK through MAPK to Elk1, we utilized the PathDetect TM Elk1 trans-Reporting System (Stratagene). Plasmid that expresses a fusion protein consisting of the transcription activation domain of Elk1 fused with the DNA binding domain of yeast GAL4 (pFA-Elk1) and a reporter plasmid with a synthetic promoter composed of five tandem repeats Figure 3 Effect of Raf signaling on myosin heavy chain (MHC) expression. Myoblasts were plated at equal densities and the next day were cultured in DM for the time points indicated prior to lysis. Whole cell extracts were prepared and 50 mg of total protein were separated by SDS -PAGE (8%). Following electrophoretic transfer, a Western analysis was performed using a monoclonal antibody to MHC. To control for equal loading, a parallel Western analysis was performed on the blots using a rabbit polyclonal antibody to MAPK. Shown are results from one experiment, which are representative of two independent experiments Figure 4 DNA fragmentation in 23A2, A2 : H-Ras and A2 : Raf-CAAX clones cultured in DM. Equal cell numbers were plated and the next day cultured in DM for (a) 8 h or (b) the indicated time prior to lysis. The presence of cytosolic nucleosomes was measured by ELISA as described in Materials and methods within the linear range of the assay. Absorbance was normalized by cell number. Shown in (a) are the average of duplicates for one experiment that are representative of two independent experiments. Shown in (b) are results from one experiment that are representative of three independent experiments Figure 5 The selective MEK inhibitor PD098059 abrogates MAPK activation. Equal cell numbers were plated and the next day cultured in DM or DM supplemented with 50 mM PD098059 for 3 h prior to lysis. Whole cell extracts were prepared and 100 mg of total cell protein from each extract were separated by SDS -PAGE (10%). Following electrophoretic transfer, a Western analysis was performed using a monoclonal antibody to the phosphorylated form of MAPK. To control for equal loading, a parallel Western analysis was performed using a rabbit polyclonal antibody to inactive, unphosphorylated MAPK. Shown are results from one experiment, which are representative of three independent experiments of the GAL4 binding sites that control expression of the luciferase gene from Photinus pyralis (pFR-Luc) were transfected with or without the plasmid encoding Raf : CAAX. The day after transfection, cultures were switched to either fresh GM or DM with or without PD098059. Less luciferase activity as a consequence of signaling through the Elk1 fusion protein is found in lysates of myoblasts cultured in DM for 3 h when compared to that found in lysates from myoblasts cultured in GM (Figure 9a) . After 3 h in DM, myoblasts transfected with 0.1 or 0.5 mg of vector encoding Raf : CAAX contained substantially elevated levels of luciferase activity when compared to myoblasts transfected with vector control (roughly sixfold and 20-fold, respectively) ( Figure 9a ). Similar results were obtained after 48 h in DM (data not shown; Ramocki et al., 1997) . In each case, inclusion of PD098059 in the culture media reduced the ability of the Elk1 fusion protein to increase the transcription of the GAL4-Luc reporter plasmid (Figure 9a ). PD098059 does not generally inhibit transcription or translation as a reporter plasmid encoding the luciferase gene from Renilla reniformus was unaffected (data not shown).
To monitor the effect of transiently expressed Raf : CAAX on differentiation, we transfected a luciferase reporter gene controlled by the muscle specific troponin I enhancer (TnI-Luc) with or without the plasmid encoding Raf : CAAX. The day after transfection, cultures were switched to either fresh GM or DM with or without PD098059. Luciferase activity increased when myoblasts transfected with vector were switched from GM to DM, consistent with the fact that culture in DM induces differentiation (Figure 9b ). After 18 h in DM, cultures transfected with 0.1 mg of Raf : CAAX Cells were plated at equal densities and cultured with and without 50 mM PD098059 as indicated for 24 h. Cultures were imaged by phase contrast microscopy and captured using NIH image. Shown are results from one experiment, which are representative of two independent experiments Figure 7 The effect of MEK inhibition on myosin heavy chain (MHC) expression. In a -c, myoblast cell lines were plated at equal densities and the next day cultured in DM or DM supplemented with 50 mM PD098059 as indicated, for the time points indicated, prior to lysis. Whole cell extracts were prepared and 50 mg of total protein was separated by SDS -PAGE (8%). Following electrophoretic transfer, a Western analysis was performed using a monoclonal antibody to MHC. To control for equal loading, a parallel Western analysis was performed using a rabbit polyclonal antibody to MAPK. Shown are results from one experiment, which are representative of two independent experiments plasmid possessed threefold more luciferase activity than cultures transfected with vector while cultures transfected with 0.5 mg of Raf : CAAX plasmid possessed threefold less luciferase than cultures transfected with vector ( Figure 9b ). After 48 h in DM, luciferase activity in lysates from myoblasts transfected with 0.1 mg of Raf : CAAX plasmid was only slightly (40%) greater than luciferase activity in lysates from myoblasts transfected with vector while the luciferase activity in lysates from myoblasts transfected with 0.5 mg of Raf : CAAX plasmid remained comparable to the luciferase activity in lysates from myoblasts cultured in GM (Figure 9c ). These results again indicate that low levels of Raf : CAAX signal accelerate differentiation while higher levels of Raf : CAAX signal inhibit differentiation. Again, inclusion of PD098059 sufficient to substantially reduce Raf : CAAX signaling through MEK to MAPK had no significant effect on either the acceleration or the inhibition of differentiation (Figure 9b ).
Adherent cells shrink and round-up during the apoptotic process permitting apoptosis to be monitored via a cell morphology based assay (Chang et al., 1998) . We employed this assay to monitor the effect of transiently expressed Raf : CAAX on apoptosis. To identify only those cells that had been transfected, an expression vector encoding b-galactosidase was included with or without the plasmid encoding Raf : CAAX. The day after transfection, cultures were switched to either fresh GM or DM with or without PD098059. After 6 h, cultures were fixed and stained for b-galactosidase expression. Only transfected myoblasts were scored for apoptotic morphology. In myoblasts transfected with vector, the percentage of apoptotic myoblasts increased from roughly 0.8% to 36+1% when cultures were switched from GM to DM (Figure 9d) . In myoblasts transfected with 0.1 mg of Raf : CAAX plasmid, the percentage increased to 35+5% (Figure 9d) . In myoblasts transfected with 0.5 mg of Raf : CAAX plasmid, however, the percentage increased to only 6.5+0.5% (Figure 9d ). Since these experiments also allowed us to determine that we routinely observe 40 -50% transfection efficiency, we reasoned that we might also be able to observe a decrease in apoptosis as a consequence of transiently expressed Raf : CAAX by measuring cytosolic nucleosomes as an indicator of DNA fragmentation in the entire culture. In cultures of myoblasts transfected with vector, the amount of cytosolic nucleosomes increased roughly 3.8-fold when cultures were switched from GM to DM (Figure 9e ). The amount of cytosolic nucleosomes increased roughly 3.9-fold in myoblasts transfected with 0.1 mg of Raf : CAAX plasmid (Figure 9e ). In cultures of myoblasts transfected with 0.5 mg of Raf : CAAX plasmid, however, the amount of cytosolic nucleosomes increased only 2.3-fold (Figure 9d ). This represents a 40% reduction in the amount of cytosolic nucleosomes which correlates well with a 40 -50% transfection efficiency. PD098059 substantially reduces signaling through MEK, but does not reverse the effect of constitutive signaling by Raf : CAAX on differentiation and apoptosis (Figure 9a -e) thus confirming results obtained using the stable cell lines.
Since we have previously reported that 23A2 myoblasts expressing a constitutively active G12V : H-Ras protein (A2 : H-Ras myoblasts) possess constitutively elevated levels of signaling through Raf to MEK and from MEK to MAPK (Weyman et al., 1997) but do not differentiate (Konieczny et al., 1989; Weyman et al., 1997) is not sufficient to revert the apoptosis-defective phenotype. Equal cell numbers were plated and the next day cultured in DM or DM supplemented with 50 mM PD098059 for 8 h. In (a), cytosolic nucleosomes were measured as described for Figure 4 . Shown are the average of duplicates for one experiment that are representative of two independent experiments. In (b) apoptotic cells were assessed as described in Materials and methods. Shown are averages from two independent experiments Raf signaling abrogates skeletal myoblast apoptosis downstream of caspase 3 activation Both death ligand-activated and trophic factor withdrawal-activated apoptotic pathways result in the activation of executioner caspase 3 (Ashkenazi and Dixit, 1998; Green, 1998; Salvesen and Dixit, 1997) . The ability of caspase 3 to cleave a synthetic substrate increases nearly 250% when 23A2 myoblasts are cultured in DM but increases only around 30% when A2 : H-Ras myoblasts are cultured in DM (Dee et al., 2002) . We, therefore, examined the effect of Raf signaling on caspase 3 activation in DM using a synthetic substrate. We found signaling by caspase 3 in A2 : Raf-CAAX clone 3 and clone 7 similar to that found in parental 23A2 myoblasts when each are cultured in DM (Figure 10a ). Thus, low levels of Raf signal sufficient to accelerate differentiation do not affect either caspase 3 activation or DNA fragmentation. Raf signaling in A2 : Raf-CAAX clone 10, which is comparable to that found in A2 : H-Ras myoblasts and sufficient to inhibit apoptosis, however, was not sufficient to block caspase 3 activation (Figure 10a ). The ability of Raf signaling to block apoptosis (Figure 9c,d ) without abrogating the activation of caspase 3 (Figure 10b ) was also confirmed through transient transfection experiments. Since this finding was unexpected, we further analysed the state of caspase 3 activation by examining the cleavage of caspase 3 (Figure 11a ) and the cleavage of PARP, a caspase 3 substrate (Figure 11b ). The level of caspase 3 fragment and the level of cleaved PARP detected in parental 23A2 myoblasts are similar to the respective levels of caspase 3 fragment and cleaved PARP detected in each of the A2 : Raf : CAAX clones. Furthermore, cleavage of the caspase 6 substrate lamina detected in parental 23A2 myoblasts was comparable to that detected in each of the A2 : Raf : CAAX clones and is indicative of caspase 3-induced activation of cytosolic caspase 6 (Figure 11c ). Raf signaling, therefore, blocks apoptosis at a point downstream of caspase 3 activation. Both Hsp70 and a specific N-terminal fragment of Ras : GAP have individually been reported to block Figure 9 Transient expression of Raf : CAAX confirms results obtained using stable A2 : Raf : CAAX clones. Equal cell numbers were plated and the next day transfected as indicated and as described in Materials and methods. The next day, myoblasts were switched to DM with or without PD098059 for the indicated times prior to the detection of luciferase activity as indicated in Materials and methods (a -c). In (d), myoblasts were switched to DM for 6 h prior to staining for b-galactosidase as described in Materials and methods. Apoptotic cells were scored and the percentage of apoptotic cells was calculated as described in Materials and methods. In (e), myoblasts were switched to DM with or without PD098059 for 6 h prior measuring cytosolic nucleosomes as described for Figure 4 . Shown in each are the average of duplicates from one experiment, which are representative of two independent experiments apoptosis downstream of caspase 3 activation and the subsequent cleavage of caspase 3 substrates like PARP (Jaattela et al., 1998; Yang and Widmann, 2001 ). We, therefore, examined the A2 : Raf : CAAX clones for altered levels of Hsp70 or Ras : GAP. We detected no difference in the amount of either Hsp70 (Figure 12a) or Ras : GAP (Figure 12b ), nor were any fragments of Ras : GAP detected (data not shown) when A2 : Raf : CAAX clones were compared to parental 23A2 myoblasts.
Discussion
The inhibition of skeletal myoblast differentiation by constitutive Ras signaling was reported over 14 years ago (Konieczny et al., 1989; Lassar et al., 1989; Olson et al., 1987) , yet the signaling pathway(s) downstream from Ras responsible for this phenotype remain to be fully elucidated. The Ras/Raf/MEK/MAPK pathway has been extensively studied in many systems, including skeletal myoblasts. Signaling through MEK is required for the transformed phenotype induced by constitutive Ras signaling in skeletal myoblasts but is not responsible for the differentiation-defective phenotype (Ramocki et al., 1997; Weyman et al., 1997). These Figure 10 Caspase-3 activity is not blocked by Raf : CAAX signaling. In (a), equal cell numbers were plated and the next day cultured in DM for 3 h prior to lysis. In (b), equal cell numbers were plated and the next day transfected with 0.5 mg of the indicated plasmid. The next day, cells were cultured in DM for 3 h prior to lysis. Caspase 3 colorimetric assays were performed using the Caspase 3 Colorimetric Assay Kit from R&D Systems per manufacturer's instructions. Absorbance was normalized by the protein concentration of each lysate. Per cent increase in caspase activity in DM was calculated relative to the absorbance value obtained from the corresponding lysate of cells incubated in fresh GM for 1 h. Shown are the average of duplicates for one experiment that are representative of two independent experiments Figure 11 Cleavage of caspase 3 and caspase 3 substrates is not blocked by Raf : CAAX signaling. Equal cell numbers were plated and the next day cultured in DM for 6 h prior to lysis. Whole cell extracts were prepared and separated by SDS -PAGE as described in Materials and methods. Shown are results from one experiment, which are representative of two independent experiments Figure 12 Raf-induced abrogation of apoptosis downstream of caspase 3 activation is not due to increased Hsp70 expression or specific cleavage of Ras : GAP. Equal cell numbers were plated and the next day cultured in DM for 6 h prior to lysis. Whole cell extracts were prepared and separated by SDS -PAGE as described in Materials and methods. Following electrophoretic transfer, a Western analyses were performed as described in Materials and methods. Shown are results from one experiment, which are representative of two independent experiments results indicate that either another pathway activated by Ras is sufficient to abrogate differentiation or that, if Ras is signaling through Raf, Raf is signaling through a molecule other than MEK to abrogate differentiation.
Studies designed to determine if constitutive signaling initiated by Raf is sufficient to inhibit skeletal myoblast differentiation have yielded conflicting conclusions. Specifically, transient transfection of Raf-CAAX into primary avian myoblasts induced a differentiation defective phenotype as indicated by abrogation of MHC expression. Use of the selective MEK inhibitor PD098059 to eliminate Raf-CAAXinduced MEK activity restored a differentiation competent phenotype comparable to parental myoblasts (Dorman and Johnson, 1999) . In another study, transient transfection of MyoD into 10T1/2 fibroblasts was sufficient to permit their differentiation. Transient co-transfection of Raf-CAAX with MyoD abrogated the ability of MyoD to permit their differentiation. In this case, the ability of Raf-CAAX to inhibit MyoD induced differentiation was not impaired in the presence of PD098059 sufficient to eliminate the Raf-CAAX induced MEK signal . Similar results were obtained using an estradiol-activated ER-Raf construct. The differentiation of L6A1 skeletal myoblasts stably expressing ER-Raf was severely impaired when ERRaf was activated by estradiol, even in the presence of PD098059 sufficient to eliminate the induced ER-Raf signal (Samuel et al., 1999) . Thus, while all three reports indicate that Raf signaling is sufficient to inhibit differentiation, one suggests that this signal is transmitted through MEK while the other two suggest that Raf is not signaling through MEK to inhibit differentiation. Conversely, both constitutively active MEK and Raf-CAAX have been reported to induce differentiation in growth medium when either is transiently co-transfected with MyoD into 10T1/2 fibroblasts. Differentiation, however, was never assessed in DM (Gredinger et al., 1998) . Transient co-transfection of wild type Raf with MyoD does enhance MyoD-induced differentiation of 10T1/2 fibroblasts in DM .
We have found that sufficient signal can be sent by constitutively active Raf : CAAX to inhibit the differentiation of the 23A2 skeletal myoblast cell line. This finding was confirmed via stably and transiently expressed Raf : CAAX in these myoblasts and is in agreement with observations using transiently activated ER : Raf in the L6A1 skeletal myoblast cell line (Samuel et al., 1999) , with observations using stably expressed Raf : CAAX in primary avian myoblasts (Dorman and Johnson, 1999) , and with observations using transiently expressed Raf : CAAX and MyoD in the 10T1/2 fibroblast cell line . We have further determined through both stable and transient expression of Raf : CAAX in 23A2 myoblasts that a low level of signaling accelerates differentiation. Signaling by constitutively active Ras has never been reported to accelerate differentiation in these (Konieczny et al., 1989) or other myoblasts (Lassar et al, 1989; Olson et al., 1987) . We suggest that a low level of signaling by Raf : CAAX in differentiation medium might produce an effect similar to that obtained with transient co-transfection of wild type Raf in differentiation medium or with a high level of signal from constitutively active MEK or Raf-CAAX in growth medium (Gredinger et al., 1998) . We propose that a low signal from Raf, rather than an undetectable signal, may be more analogous to in vivo differentiation, where myoblasts differentiate in response to a reduced gradient of the inhibitory growth factors, FGF-2 and TGF-b (Florini et al., 1991) . Different levels of Raf activity have been reported to result in different biological outcomes in other systems (Woods et al., 1997) . This finding and our finding may simply be a consequence of an elevated level of signal through the same pathway(s). The possibility exists, however, that the increased level of constitutively signaling Raf molecules permits signaling through a pathway(s) that is not activated by a lower level of signal. Regardless of the molecular explanation, these results suggest that the conflicting reports regarding the effect of Raf signaling on differentiation may be explained by our findings that low levels of Raf signal accelerate differentiation while higher levels inhibit differentiation.
Raf signaling sufficient to inhibit the differentiation of skeletal myoblasts has been reported to be either MEK-dependent (Dorman and Johnson, 1999) or MEK-independent Samuel et al., 1999) . Each of these reports utilized the selective MEK inhibitor PD098059 to block MEK signaling. We found that while treatment of cultures with PD098059 was sufficient to revert the refractile transformed morphology of A2 : Raf-CAAX clone 10, it was not sufficient to revert the differentiationdefective phenotype in that clone. The controversy regarding the dependence of Raf signaling on MEK signaling to abrogate the differentiation of skeletal myoblasts may be due to the cell types used in the experiments. The study reporting MEK-dependent Raf-induced inhibition of differentiation utilized primary avian myoblasts while reports documenting MEK-independent Raf-induced inhibition of differentiation utilized mammalian skeletal myoblast cell lines.
Roughly 30% of parental 23A2 myoblasts undergo apoptosis coincident with differentiation and constitutive signaling by Ras abrogates both differentiation and the coincident apoptosis (Dee et al., 2002) . We found that low levels of Raf signaling sufficient to accelerate differentiation have no effect on either the timing or extent of DNA fragmentation when compared to parental 23A2 myoblasts. Higher levels of Raf signaling sufficient to abrogate differentiation are also sufficient to abrogate the coincident apoptosis. Furthermore, we have previously reported that caspase 3 is activated during the skeletal myoblast apoptosis that is coincident with differentiation and this is abrogated by Ras signaling (Dee et al., 2002) . As expected, low levels of Raf signaling did not affect this caspase 3 activation nor the subsequent cleavage of known substrates. Unexpectedly, however, higher levels of Raf signaling sufficient to prevent apoptosis, also did not affect caspase 3 activation and the subsequent cleavage of known substrates. Raf signaling, unlike Ras signaling, abrogates 23A2 myoblast apoptosis downstream of caspase 3 signaling.
Several reports have documented that a critical component of Raf induced survival is a consequence of Raf signaling at the mitochondria von Gise et al., 2001; Zhong et al., 2001) . Targeting of Raf to the mitochondria inactivates BAD, a pro-apoptotic Bcl2 family member (Zhong et al., 2001; von Gise et al., 2001) . Inactivation of BAD prevents the release of cytochrome c, and thus the activation of caspase 9 and caspase 3 (Zou et al., 1997; Zimmerman et al., 2001) . Raf has also been reported to promote survival in a MEK-independent manner through association with ASK1 (Chen et al., 2001) . ASK1-induced apoptosis is through a mitochondria-dependent pathway (Hatai et al., 2000) . Given that Raf : CAAX is specifically targeted to the plasma membrane (Leevers et al., 1994; Stokoe et al., 1994) , that cytochrome c is released in myoblasts with higher levels of Raf : CAAX (manuscript in preparation) and that caspase 3 is activated, we do not believe that the Raf-induced survival of 23A2 myoblasts is consequence of Raf signaling at the mitochondria or due to the association of Raf with ASK1. Furthermore, since caspase 3 substrates are cleaved in myoblasts with levels of Raf signaling sufficient to inhibit apoptosis, we do not believe that inhibitor of apoptosis proteins (IAPs) (Deveraux et al., 1998) are involved.
Signaling by activated caspases in the absence of an apoptotic response has been reported previously (Jaattela et al., 1998; De Maria et al., 1999; Yang and Widmann, 2001) . Ras : GAP has been identified as a caspase 3 or caspase 3-like substrate that can be selectively cleaved to generate an anti-apoptotic signal in Jurkat cells (Yang and Widmann, 2001) . This selective cleavage is thought to act as a sensor to translate the extent of caspase 3 or caspase 3-like signaling since low levels of caspase 3 signaling generate the protective fragment of Ras : GAP while higher levels destroy this protective fragment (Yang and Widmann, 2001 ). We were unable to detect any cleavage of Ras : GAP in either parental or Raf expressing 23A2 myoblasts. Considering this result and the fact that the level of caspase 3 signaling is comparable in 23A2 myoblasts and myoblasts expressing Raf : CAAX sufficient to abrogate apoptosis, we have eliminated a role for Ras : GAP cleavage in the abrogated apoptosis as a consequence of Raf signaling. Abrogation of apoptosis downstream of caspase 3 signaling has also been reported in cervix carcinoma cells and in fibrosarcoma cells. Increased expression of Hsp70 is responsible for the survival of these cells even in the presence of caspase 3 signaling and the subsequent cleavage of several caspase 3 substrates including PARP (Jaattela et al., 1998) . We, however, did not find an increase in Hsp70 expression in myoblasts expressing Raf : CAAX sufficient to abrogate apoptosis.
Given that caspase substrates are numerous and that the consequence of caspase-mediated cleavage of those substrates can either result in substrate activation or substrate destruction, the possible biological outcomes of differential substrate cleavage are many (Stroh and Schulze-Osthoff, 1998; Utz and Anderson, 2000) . We have previously shown that pharmacological inhibition of caspase 3 or caspase 3-like activity can delay apoptosis for at least 8 h but cannot prevent apoptosis after 24 h in DM (Dee et al., 2002) . Experiments to identify the caspase responsible for apoptosis after 24 h are on going. The possibility even exists that after 24 h, apoptosis may not be caspase-dependent. Nonetheless, signaling by caspase 3 is critical for at least the first 8 h following culture in DM and 8 h can be sufficient to achieve maximal apoptosis (Dee et al., 2002) . Given this, there are at least three possible scenarious to explain the finding that Raf signaling can inhibit apoptosis coincident with 23A2 myoblast differentiation even in the presence of signaling by caspase 3. The first is that the appropriate substrate or set of substrates necessary to induce apoptosis has not been cleaved. The second is that caspase mediated cleavage results in anti-apoptotic activity that is dominant in the context of Raf signaling. Finally, Raf signaling may increase the expression of a protein capable of counteracting the impact of cleaved substrates that are pro-apoptotic. Experiments are underway to determine the molecular mechanism(s) through which Raf affects differentiation and apoptosis downstream of caspase 3 signaling. Further characterization of Raf signaling may unravel novel pro-differentiation and anti-apoptotic mechanisms.
Materials and methods
Cells and cell culture
All cells were cultured on gelatin-coated plates and maintained in growth medium (GM), which consists of basal modified Eagle's medium (BME), 10% fetal bovine serum (FBS), and a 1% combination of 10 000 iu/ml penicillin and 10 000 mg/ml streptomycin (1% P/S). Differentiation was induced by switching cells from growth medium to differentiation medium (DM), which consists of BME, 1% P/S and 0% FBS. Cells were incubated at 378C in 5% CO 2 . 23A2 myoblasts are a clonal line of determined myoblasts derived by 5-azacytidine conversion Emerson, 1984, 1985) . The growth and differentiation properties of 23A2 myoblasts and the 23A2 derivative expressing G12V : H-Ras (A2 : H-Ras myoblasts) have been reported previously (Konieczny et al., 1989; Weyman et al., 1997) . The A2 : Raf : CAAX clones were derived from 23A2 myoblasts by transfection using Lipofectamine Plus per manufacturer's instructions (Gibco BRL). 23A2 myoblasts were plated at 1610 5 on 100 mm culture dishes and the next day co-transfected with 2 mg of plasmid containing the Raf-CAAX gene and 0.4 mg of a pcDNA3 plasmid containing the G418 resistance gene.
After 48 h, cells were trypsinized and divided equally into three 150 mm culture dishes and incubated for approximately 2 -3 weeks in GM containing 750 mg/ml G418 (Mediatech, Inc.). Colonies were picked based on survival in G418. Transient transfections were also performed using Lipofectamine Plus per manufacturer's instructions (Gibco BRL). PathDetect TM Elk1 trans-reporting system from Stratagene was used per manufacturer's instructions to monitor signaling through the MEK/MAPK pathway. One microgram of either the TnI-Luc reporter plasmid or the plasmid encoding bgalactosidase was transfected where indicated. Luciferase activity was determined using the DLR Dual Luciferase Kit (Promega).
The activity of Photinus pyralis luciferase encoded by the reporter plasmids was normalized in each transfection to the activity of Renilla reniformus luciferase. PD098059 was dissolved in DMSO to give a final concentration of 37 mM and stored at 7208C. PD098059 was added to the culture medium to a final concentration of 50 mM. DMSO alone (0.15% v/v) was added to control cultures.
Immunoblot analysis
Cells were plated and the next day switched to fresh GM or DM for various times prior to being rinsed in cold 16phosphate buffered saline (PBS) and then lysed in p21 lysis buffer (20 mM MOPS pH 7.4, 4 mM magnesium chloride, 200 mM sucrose, 0.1 mM EDTA, 0.001% DNAse, 1 M phenyl methyl sulfonyl fluoride, and 50 mg/ml each of aprotinin, pepstatin, and leupeptin) without 1% CHAPS. Lysates were frozen in liquid nitrogen and then thawed and sonicated three times with a Tekmar sonic disruptor at 50% maximum intensity. Lysates were then sedimented for 5 min at 10 000 r.p.m. and the cytosolic supernatant was collected. The membrane pellet was washed three times with p21 buffer and then extracted with p21 buffer containing 1% CHAPS. For all other immunoblot analysis, cells were lysed in p21 lysis buffer with 1% CHAPS. The protein concentrates of all lysates were determined using Coomassie Protein Assay Reagent from Pierce as per manufacturer's instructions. Following protein determination, lysates (50 mg for MHC detection, 150 mg for caspase 3 fragment and 100 mg for the others) were denatured in 56sample buffer (10% SDS, 50% glycerol, 10% 2-mercaptoethanol, pH 6.8) and electrophoresed through denaturing polyacrylamide gels (8% for MHC detection, 15% for caspase 3 fragment detection and 10% for all others). Following SDS polyacrylamide gel electrophoresis (SDS -PAGE), samples were transferred electrophoretically for 4 amp h to Hybond-P polyvinylidene difluoride membranes in transfer buffer containing 80% methanol and 1g/l SDS. Membranes were dried at 378C for 30 min. Western analysis was performed to detect MHC by incubating the membranes with a mouse monoclonal antibody MF20 that is specific for skeletal MHC protein for 1 h. Other antibodies used at 1 : 1000 are as follows: anti-PARP and anti-caspase 3 fragment (both from Cell signaling) were incubated with membranes overnight, anti-Raf (BD Transduction Laboratories), anti-IkB (Santa Cruz), anti-MAPK (Upstate Biotechnologies), antiHsp70 (BD Transduction Laboratories) and anti-Ras : GAP (Santa Cruz) were each incubated with membranes for 1 h. Anti-phospho-MAPK (Santa Cruz) and anti-lamin A (Cell signaling) were each diluted 1 : 500 and incubated with membranes overnight. Primary antibodies were detected with the appropriate HRP-conjugated secondary antibody diluted 1 : 1000 and incubated with the membranes for 1 h. After each incubation with antibody and prior to the addition of chemiluminescent substrate, membranes were washed five times in 16TBS (tris-buffered saline pH 7.4) with 1% NP -40. Membranes were then incubated with SuperSignal West Pico Chemiluminescent Substrate (Pierce) for 60 s and bands were visualized using either Kodak Scientific Imaging Film or a Bio-Rad Fluor-S Multi-imager.
Apoptosis assays
Cytosolic nucleosome ELISAs The presence of cytosolic nucleosomes indicative of DNA fragmentation and nuclear membrane disruption was used as a marker for apoptosis. Cytosolic nucleosomes were measured using the Cell Death Detection ELISA Plus Kit (Roche Diagnostics) per manufacturer's instructions. Cells were plated and the next day switched to fresh GM or DM for various times. Attached cells were rinsed in PBS and then lysed by incubation in 300 ml cell lysis buffer from the kit on a rocker for 30 min at room temperature. Samples were diluted fourfold and 20 ml of each sample was transferred to a 96-well, flat-bottomed, streptavidin-coated microtiter plate. Seventy-two microliters of 16incubation buffer from the kit, and 4 ml each of biotin conjugated anti-histone antibody and peroxidase conjugated anti-DNA antibody was added to the lysine in the microtiter plate and incubated at 48C overnight. Following three washes with 300 ml of incubation buffer, the presence of cytosolic nucleosomes was measured by adding 100 ml of the substrate, ABTS. This was incubated in the microtiter plates for 5 -20 min at room temperature and then the color reaction was quantitiated on a spectrophotometer at 405 nm. Experiments were performed within the linear range of the assay. Attached cells from parallel plates were counted and absorbance was normalized to cell number. A background (no lysate) measurement was taken and subtracted for each experiment. Per cent increase in DNA fragmentation in DM was calculated relative to the absorbance value obtained from corresponding lysates of cells incubated in fresh GM.
Cell morphology assay Myoblasts were fixed and stained with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside as described (Chang et al., 1998) . Per cent apoptotic cells was determined as follows: (round blue cells divided by the total number of blue cells)6100. At least 600 cells were scored for each condition in a blind manner.
Caspase 3 assays
Caspase 3 colorimetric assays were performed using the Caspase 3 Colorimetric Assay Kit from R and D Systems per manufacturer's instructions. Cells were plated and the next day switched to fresh GM or DM for various times prior to being rinsed in PBS. Attached cells were lysed in 50 ml of lysis buffer. Following sedimentation, 50 ml of lysate was incubated with 50 ml of 26reaction buffer supplemented with 0.5 ml DTT and 5 ml of the caspase 3 colorimetric substrate, DEVD-pNA. Following 2 h of incubation at 378C, caspase-3 protease activity was measured on a spectrophotometer at 405 nm. Experiments were performed within the linear range of the assay and absorbance was normalized by the protein concentration of each lysate as determined using Coomassie Protein Assay Reagent from Pierce. Per cent increase in caspase 3 activity in DM was calculated relative to the absorbance value obtained from the lysate of cells incubated in fresh GM for 1 h.
